Vulnerable Marine Ecosystems (VME) in the deep Mediterranean Sea have been identified by the General Fisheries Commission for the Mediterranean as consisting of communities of Scleractinia (Lophelia pertusa and Madrepora oculata), Pennatulacea (Funiculina quadrangularis) and Alcyonacea (Isidella elongata). This paper deals with video data recorded in the heads of French Mediterranean canyons. Quantitative observations were extracted from 101 video films recorded during the MEDSEACAN cruise in 2009 (Aamp/Comex). Qualitative information was extracted from four other cruises (two Marum/Comex cruises in and two Ifremer cruises in 1995 to support the previous observations in the Cassidaigne and Lacaze-Duthiers canyons. All the species, fishing impacts and litter recognized in the video films recorded from 180 to 700 m depth were mapped using GIS. The abundances and distributions of benthic fishing resources (marketable fishes, Aristeidae, Octopodidae), Vulnerable Marine Species, trawling scars and litter of 17 canyons were calculated and compared, as was the open slope between the Stoechades and Toulon canyons. Funiculina quadrangularis was rarely observed, being confined for the most part to the Marti canyon and, I. elongata was abundant in three canyons (Bourcart, Marti, Petit-Rhône). These two cnidarians were encountered in relatively low abundances, and it may be that they have been swept away by repeated trawling. The Lacaze-Duthiers and Cassidaigne canyons comprised the highest densities and largest colony sizes of scleractinian cold-water corals, whose distribution was mapped in detail. These colonies were often seen to be entangled in fishing lines. The alcyonacean Callogorgia verticillata was observed to be highly abundant in the Bourcart canyon and less abundant in several other canyons. This alcyonacean was also severely affected by bottom fishing gears and is proposed as a Vulnerable Marine Species. Our studies on anthropogenic impacts show that seafloor disturbance by benthic fishing is mainly attributable to trawling in the Gulf of Lion and to long lines where rocky substrates are present. The bauxite residue (red mud) expelled in the Cassidaigne canyon was seen to prevent fauna from settling at the bottom of the canyon and it covered much of the flanks. Litter was present in all of the canyons and especially in considerable quantities in the Ligurian Sea, where the heads of the canyons are closer to the coast. Three Marine Protected Areas and one fishing area with restricted access have recently been established and should permit the preservation of these deep ecosystems.
Introduction

58
There has been increasing societal demand for the conservation of biodiversity since the
59
Convention on Biological Diversity recognised the intrinsic value of biological diversity and its 60 ecological, genetic, social, economic, scientific, educational, cultural and recreational benefits at the 61 1992 Earth Summit in Rio de Janeiro (http://www.cbd.int/). Considerable efforts have been made in 62 recent years through the ten-year Census of Marine Life Project to estimate biodiversity in the oceans 63 (Costello et al., 2010) . Nevertheless the total number of marine species is still unknown because many 64 species remain to be sampled, distinguished and described (Bouchet, 2006) . Less is known about 139 140 141
Materials and methods
143
Study area
145
The study area covers the shelf break and the bathyal zone of the French continental margin of 
153
Water circulation is generally westward along the continental slope and is constrained by two Lion (Millot, 1990) . In combination with the morphology of the coast-line, the Mistral leads to the 158 most intense upwelling of the Gulf of Lion, which rises from the Cassidaigne canyon off Marseille 159 (Alberola and Millot, 2003) . During winter, both heat loss and evaporation lead to the cooling and 160 mixing of the coastal waters in the Gulf of Lion. These cold shallow waters finally become denser than 161 the surrounding waters and sink, forming currents known as dense shelf water cascades (DSWC).
162
They carry huge amounts of sediment and organic matter to the deep ocean as they scour the shelf and 
181
Recent data were collected during the MEDSEACAN cruise organised by the "Agence des aires (Carpine, 1964; Fredj, 1964; Maurin, 1962) .
209
Processing of video and navigation data
211
The exploratory dives were performed by the ROV equipped with two cameras. One was fixed 212 to a pan and tilt mount used by the pilots and recorded continuously on DVcam tapes and a hard disk 213 recorder. The other was fixed and mounted under the first one. This camera was equipped with a zoom 214 and could record HD images and HD video, but not continuously. The ROV navigation data were 215 derived from the SSBL subsea positioning system, Kongsberg HPR 410, and the surface positioning 216 system, DGPS AG132 -Trimble and Vector -Hemisphere GPS.
217
The distribution of communities, species and other objects and features (e.g. litter and fishing 218 impacts) was mapped along dive tracks from video studies of each dive, using the Ifremer underwater 219 vehicle data post-processing software "Adelie" (www.ifremer.fr/adelie) including an extension for the 220 ArcGIS 9.3 software suite (© ESRI). The navigation files included date, time, latitude, longitude, 221 heading and depth. All the Super Achille navigation track data had to be formatted manually in order 222 to enter the dedicated Ifremer "Adelie" extension. The navigation data were post-processed using
223
Gaussian smoothing. For the sake of practicality, the video films (10 minutes each) from the 224 MEDSEACAN cruise were concatenated and encapsulated in order to obtain one video film 
232
Mercator projection with standard parallel N42.
233
In this paper we focused on the occurrences of benthic fishes, Vulnerable Marine Ecosystems,
234
and anthropogenic impacts located deeper than 180 m. Dive navigation tracks that occurred above 180 235 m depth were not considered.
237
Distribution of benthic megafauna species
239
In order to estimate abundances along navigation tracks each individual and colony record was 240 plotted on the GIS and represented by a point. A video still of every record was captured and geo-241 referenced in a GIS when no digital image was available. Every specimen was identified at the lowest 242 possible taxonomic level. However, identification at species level for some organisms from video
243
footage was sometimes hampered due to poor video quality, high particle content in the water column 
250
Distribution of substrates
252
Two types of substrates could be seen in the video films: soft substrates and hard substrates.
253
They were mapped along navigation tracks and the percentage per dive was calculated.
255
2. 
278
Evaluating surface areas and thus fauna densities from the video films was not possible 279 technically, since: (1) the parameters (zoom, pan and tilt) of the camera used to record continuously
280
were not steady; (2) the absence of lasers on the continuously recorded camera prevented the 281 calculation of surfaces. In addition to these technical problems, the exploratory nature of the dives
282
inevitably influenced the navigation tracks, introducing a bias in the data. Indeed, pilots and scientists
283
tended to follow topographic features associated with fauna, which is completely different from
284
following a pre-determined transect dedicated to the objective sub-sampling of spatial data.
285
With regard to these difficulties we decided not to calculate densities but to estimate 
291
Abiotic parameters
293
The length of dive tracks was calculated using the Spatial Analyst Tool from ESRI GIS. Min.
294
and Max. depths were extracted from navigation files or read on the video records when not available 295 or incorrect in the navigation files.
296
The Euclidian distance to the coast was calculated in three steps. Firstly, each navigation track 297 was reduced to its centre of gravity. The raster of the Euclidian distance to the closest coast line was 298 generated and converted into a point shapefile. A spatial join between the two shapefiles (navigation 299 track and distance to the closest coast) allowed calculating the distance to the closest coast for each 300 navigation track.
301
The mean slopes for every navigation track were calculated in degrees from 0 to 90. 
345
The benthic fishes observed in the video films were classified into three categories: Marketable
346
(M), Edible (E) and Others (O) ( Table 3) . Their abundance and distribution between canyons is 347 presented in Fig. 2A . The distribution of marketable benthic fishes was analyzed in more detail as they 348 are targeted by fisheries and their presence leads to impacts on the bottom caused by fishing.
350 351
Distribution and abundance of marketable benthic fishes
352
Of the 13 marketable fish species mentioned in table 3, we kept only 9 for the analysis.
353
Trachurus sp. and Zeus faber were removed because one is pelagic and the other is from the shelf.
354
Scyliorhinus canicula and Scyliorhinus sp. were grouped into Scyliorhinus spp. Trigla lyra and
355
Triglidae were grouped into Triglidae. The 9 marketable fishes considered in the study are therefore 
364
Nephrops norvegicus, a commercial crustacean, was found in every canyon explored apart from 365 the Cassidaigne canyon (Fig. 2C ). They were always observed defending their burrows against the 366 ROV (Fig. 3A) . The highest abundances were recorded in the Gulf of Lion in the Couronne canyon 
369
Aristeidae, or red shrimps, were rarely observed in the videos (Fig. 3B) . A total of 22 370 individuals were counted (Fig. 2C ). They were located at a mean depth of 542 m (+/-104 m). Shrimps 371 of the Pandalidae family could be observed in higher abundance than Aristeidae, but they are not 372 targeted by fisheries and are bycatch species.
373
Octopodidae were much more frequent in the Gulf of Lion than in the Ligurian Sea (Fig. 2C ).
374
The highest abundance was recorded in the Bourcart canyon. A total of 150 individuals were 375 observed. They were located at a mean depth of 330 m (+/-81 m). Some individuals were very small, 376 only 7 cm (Fig. 3C) 
399
Isidella elongata colonies were observed in the Gulf of Lion during the MEDSEACAN cruise.
400
They were found in higher abundance in three canyons: Bourcart (dive P5), Marti (P1 and P5), and
401
Petit-Rhône (P3, P4 and P5) ( 
403
In the Bourcart canyon, colonies were observed between two gullies on the west flank (P5), 
414
The mud on which I. elongata colonies were established presented small domes or tumuli and 415 holes, indicating a high level of bioturbation, mainly due to crustaceans. Many of these could be seen 416 in the videos, including some Galathoidea (Munida sp.), Caridea (Plesionika sp.) and Axiidea
417
(Calocaris macandreae), though the majority was made up of Nephropidae (Nephrops norvegicus). I.
418
elongata was usually located on sloping seafloors (about 10 to 20°).
420
Distribution of Funiculina quadrangularis communities on bathyal mud
421
The highest abundance of F. quadrangularis was observed in the Marti canyon and in the
422
Cannes canyon (Fig. 2F) . A total of 32 colonies were observed at a mean depth of 239 m (+/-31 m). 
Distribution of Callogorgia verticillata communities observed on hard substratum
435
The highest abundance was found in the Bourcart canyon (Dive _R2K_P1), followed by the 
439
In the Bourcart canyon we observed an exceptionally high density of the Primnoidae C. 
Distribution of cold-water coral communities observed on hard substratum
477
In the Mediterranean deep-sea two scleractinian species, Lophelia pertusa and Madrepora 478 oculata, make up the dominant structure-forming corals (Fig. 6A ).
479
The Lacaze-Duthiers canyon is the only French Mediterranean canyon where the two species L. 
484
7A). This canyon was highly loaded in particles, making it difficult to analyse the video films.
485
On the western flank of the canyon the two species of scleractinians were observed during dives 
497
On the eastern flank of the canyon, during dive P3, another edge of hard substratum was 498 followed along 400 m at about 260 m depth. This edge created an overhang under which a series of M.
499
oculata colonies were aligned growing downward. Few L. pertusa colonies were observed on this 500 flank (six colonies during dive P3 and one colony during dive P14) and they were partly covered with 501 particles and epibionts. A large number of old fishing lines were tangled on the edge and in the CWC 502 frameworks. The top of the edge was covered with a continuous layer of sediment.
503
A considerable diversity of CWC associated species could be seen (Fig. 6D) 
561
The giant deep-sea oyster, Neopycnodonte zibrowii, was frequently encountered on (sub-) 562 vertical flanks and overhangs of bedrock exposed in the 376-470 m depth range and appeared to be 563 fossilised during dives D1, D7 and D9.
564
During the MEDSEACAN cruise, previously non reported occurrences of M. oculata were 565 observed in three other canyons: Bourcart, Sicié and Var (Fig. 7, orange diamonds) 
571
Several broken fragments of dead cold-water corals, probably M. oculata, were seen in the
572
Planier canyon (Dive P3) (Fig. 7, black 
595
Trawling scars were mainly located in the Gulf of Lion (Fig. 2G) . We observed some large 596 areas of sediment completely impacted (alternatively smoothed and ploughed) by repeated trawling in 597 five canyons: Pruvost, Bourcart, Sète, Montpellier and Couronne. A highly impacted area 800 m long 598 was observed in the Montpellier canyon, representing 43% of the navigation track (Fig. 13A) .
599
Trawling scars were located at a mean depth of 330 m (+/-64 m). A non-metric, multidimensional scaling (nMDS) plot was produced by PRIMER (Fig. 9) . A The vertical distribution of Isidella elongata and Funiculina quadrangularis was compared to the one 638 of resources and trawling scars in the Gulf of Lion (Fig. 10) (Fig. 2H) . They consisted of lost nets, lead weights 650 and ropes, damaging structure-forming fauna and breaking cnidarian colonies. Long lines were often 651 entangled around rocky obstacles and under tension. They formed an artificial substrate which was 652 preferentially colonised by sabellid and serpulid polychaetes, and occasionally by Neopycnodonte 653 cochlear and scleractinian corals (Fig. 6E) . The highest abundances were recorded in the Lacaze-
654
Duthiers, Bourcart (Fig. 2H ) and Cassidaigne canyons (Fig. 13B) . A total of 199 lost fishing gears 655 were counted at a mean depth of 343 m (+/-88 m).
657 658
Analysis of the vertical distribution of VME fauna and lost fishing gears on hard substratum
659
The vertical distribution of Callogorgia verticillata, Lophelia pertusa and Madrepora oculata 660 was compared to that of marketable fishes and fishing gears in the Lacaze-Duthiers, Bourcart and
661
Cassidaigne canyons (Fig. 11) 
712
(up to 5 items.km -1 ) (Fig. 2D) . The canyons subject to less impact were the Sète and Marti canyons in 713 which almost no debris was observed, except for plastics (100% in the Sète canyon) (Fig. 6F) . The 714 mean abundance was 3 items per km, 5 in the Ligurian Sea, and 1 in the Gulf of Lion.
715
The highest abundances of metals were found in the Toulon (9 items.km -1 ) and Sicié
716
(4 items.km -1 ) canyons (Fig. 13C ). Plastics were observed in every canyon, with the highest 717 abundance occurring in the Planier canyon (2 items.km -1 ) (Fig. 13D) 
752
The benthic fishes that were recognised in the video footage of this study are those that have 
769
Bourcart canyon is probably due to the rocky slab providing potential hiding and nesting places.
770
Species living on soft bottoms are probably different from those living in a rocky environment.
771
We assume that most of the specimens of Aristeidae encountered might be Aristeus antennatus,
772
which was often sampled during the MEDITS programme in the Gulf of Lion (Cau et al., 2002) .
773
Aristeidae were located deeper and in lower abundance than other resources. These depths (< 500 m)
774
were explored by less than half of the MEDSEACAN dives, which could explain the low abundance 
777
The variability in the vertical distribution of Aristeus antennatus has been proved to be correlated to 
780
Other shrimp, such as the bentho-pelagic species Plesionika spp., were recorded in the video 781 films during the MEDSEACAN cruise. They were often located in high abundance in trawling scars
782
where no other benthic species could be seen. This is explained by the fact that these opportunistic 
793
Distribution of Vulnerable Marine Ecosystem (VME) and anthropogenic impacts
795
Vulnerable Marine Ecosystems (VME) have been defined by OSPAR and the European
796
Commission as being any marine ecosystem whose integrity (i.e. ecosystem structure or function) is,
797
according to the best scientific information available and to the principle of precaution, threatened by 
811
Trawling scars were always seen at shallower depths than those of I. elongata colonies. We never 
820
The highest density of I. elongata was located on a sloping seafloor (approx. 10 to 20°) in the 821 Petit-Rhône canyon. We assume that slopes provide protection from bottom trawling which cannot be 822 performed on sloping seafloors. Depth also provides protection from trawling, which is limited to (Fig.4) . As the objective of the MEDSEACAN cruise did not focus on these areas, they should 835 be considered as an objective for a future cruise in order to check the actual condition of these 836 meadows and complete the present distribution of the species.
838
Funiculina quadrangularis communities and trawling impact on bathyal mud
839
We observed few F. quadrangularis in the video films. They were mainly located in the upper 
843
The inability of F. quadrangularis to withdraw into the sediment makes it sensitive to physical 844 disturbance (MacDonald et al., 1996) . It is thought that this sea-pen has already disappeared from 
855
Historical data suggest that the preferential habitat of F. quadrangularis could be located between 856 gullies rather than in canyons. Large meadows of F. quadrangularis were described between canyons 857 in 1962 (Carpine, 1964; Fredj, 1964; Maurin, 1962) (Fig.4) . As the objective of the MEDSEACAN 858 cruise did not focus on these areas, they should be considered as an objective for a future cruise in 859 order to check the actual condition of these meadows and complete the present distribution of the 860 species. 
862
Callogorgia verticillata communities and lost fishing gears on rocky substrates
871
The Bourcart canyon holds a particularly rich population of these colonies on a 900 meter long 
881
From all these observations we propose that the fragile and poorly known C. verticillata should 882 be considered as a sensitive species deserving interest and protection. These C. verticillata colonies 
886
Cold-water coral distribution
887
The CWC populations in both the Lacaze-Duthiers and Cassidaigne canyons were visited 888 during the cruises described in this study. 
922
We observed a high diversity of associated species in the Cassidaigne canyon. Deep 
940
The structure-forming CWC scleractinians of the Mediterranean Sea have been described to live 941 mostly on vertical walls (this study, (Freiwald et al., 2009) . They have also been described on vertical 
962
In order to quantify the impact of fishing on hard substratum communities, account must be 963 taken not only of lost fishing gears but also of detached colonies. However, the detached colonies may 964 either be the result of the fishing pressure or due to their natural growth process. Indeed, the old basal 
995
These colonies seemed to cope with the heavy sedimentation load but at a metabolic cost that remains 996 to be investigated. However, it may point to a specific stress tolerance of M. oculata.
997
The recently settled colonies may be a positive result of the decrease in the red mud outflow 
1001
Distribution of anthropogenic litter
1003
The economic impact of tourism, fishing and coastal urban populations has been demonstrated 1004 to be important in the north western Mediterranean sea, where different types of debris were found 1005 on the deep sea floor (Galgani et al., 1996) . It was shown that only small amounts of debris were collected on the continental shelf from the Gulf of Lion whereas most of the debris was found in 1007 deeper areas, mainly in zones with high sedimentation rates such as submarine canyons. In our Table 2 1412
Fig. 14. Geographical localisation of the Vulnerable Marine Ecosystems and the Marine
List of additional dives processed for qualitative information in the Lacaze-Duthiers and Cassidaigne canyons.
